Introduction
The ability to selectively deliver drugs to a target tissue is important for the efficient execution of drug medicinal effects. For example, if anticancer drugs are delivered selectively to a target tissue, the tissue will be efficiently treated and side effects will be reduced. The selective delivery of diagnostic agents, such as magnetic resonance imaging (MRI) contrast agents, luminescent probes and radioactive probes, is also useful in the clear imaging of a target tissue. To achieve such drug delivery, nanoparticles possessing a diameter of from several tens of nanometers to approximately 100 nm have been widely utilized. 1 Various types of organic and inorganic nanoparticles have been tested, 2 and the nanoparticle-based drug delivery system (nanoDDS) is a promising technique for next-generation therapies.
The selective delivery of nanoparticles has been accounted for by the enhanced permeation and retention (EPR) effect. 3, 4 Briefly, although intravenously-administered nanoparticles are unable to permeate normal vascular walls, they can permeate tumor vascular walls that possess porous structures ( Fig. 1(a) ). Therefore, the increased permeability of tumor vascular walls against nanoparticles is thought to be strongly related to the pore size of vascular walls in addition to the size of the nanoparticles.
A number of studies have attempted to quantitatively clarify the origin of the increased permeability. For example, the pore size of tumor vascular walls has been estimated in several studies. Vick and Bigner reported that the size of gaps between endothelial cells in brain tumor microvasculature is 100 -250 nm. 5 Schlageter et al. reported that the shape of endothelial gaps in a brain tumor model is an ellipse, with a maximum minor axis of 0.38 μm and a maximum major axis of 3.0 μm. normal endothelial gaps, it is clear that the pores of tumor vascular walls increase the permeability. Additionally, we reported that nanoparticles with sizes less than 150 nm can selectively accumulate in tumors, 8 suggesting that nanoparticle size is also important for increased permeability.
Most nanoDDS studies rely on animal testing, and although this approach is popular, it is unable to evaluate only the increased permeability of vascular walls because of the simultaneous lymphatic drainage of nanoparticles. Additionally, animal testing should be minimized since it is not without ethical concerns. Another testing system for nanoDDS is Transwell TM , in which endothelial cells are cultured as a monolayer on a centimeter-sized porous membrane separating top and bottom chambers. The permeability of the cell monolayer can be determined by, for example, introducing fluorescently-labeled nanoparticles into the top chamber and measuring fluorescent intensity from the bottom chamber after a certain period of time. However, nanoparticles permeate the cell monolayer under static conditions, which differ from the dynamic conditions (e.g. shear stresses caused by blood flow) present in vivo. Also, the size of the system is larger than the microvessels found in tumors. Furthermore, in both testing systems -experimental animal and Transwell-, the size of intercellular pores is non-uniform and changes over time. Therefore, delineating the relationship between the experimentally-obtained permeability and physical parameters such as pore size, nanoparticle size, and so on, seems problematic. If the effects of the aforementioned physical parameters can be discussed individually, valuable information to improve nanoDDS by rational design of nanomedicines can be obtained.
In recent years, microfluidic devices have attracted great interest as a novel experimental model of microvessels. 9, 10 The size of a microfluidic channel can be adjusted to that of a microvessel, and various vascular cells can be cultured in the channel under blood flow-like flow conditions. [11] [12] [13] In one approach, a porous membrane was integrated into a microfluidic device and utilized to evaluate the permeability of an endothelial monolayer on the membrane against fluorescein isothiocyanatelabeled bovine serum albumin (FITC-BSA) [14] [15] [16] and lipid-coated nanoparticles. 16 However, the pores within the monolayer are irregular in size and shape, as shown in previous studies. [5] [6] [7] Therefore, from a different point of view, we have proposed an assay of nanoparticles utilizing the porous membrane with straight micropores with a defined pore size (without cells). 17 The membrane has been utilized to evaluate convectional permeation of water under fluid flow, 18 diffusional permeation of CoFe2O4 nanoparticles, 19, 20 but not to evaluate convectional permeation of nanoparticles for nanoDDS. The mechanism of nanoparticle permeation through vascular walls has not been clarified, 21 and therefore convectional permeation of nanoparticles should be studied. Although convectional permeation of FITC-BSA has been investigated, 14 the hydrodynamic diameter of FITC-BSA is around 9 nm, 22 which is much smaller than the diameter of typical nanoparticles for nanoDDS. In addition, as described in the Results and Discussion section, we found that the theory in Ref. 14 is inappropriate for nanoparticles for nanoDDS. Therefore, if experimental results of convectional permeation of nanoparticles through straight micropores agreed with a theory of fluid dynamics, the relationship between the nanoparticle permeability and physical parameters is clarified for the first time, and these data will lead to rational design of nanomedicines.
In this study, we present an experimental model to study the permeation of nanoparticles through straight micropores under fluid flow. A porous membrane with straight micropores was integrated into a microfluidic device and utilized ( Fig. 1(b) ). Because the shape and size of the pores are uniform, the permeability of the membrane against nanoparticles can be precisely measured, and the relationship between permeability and nanoparticle size, pore size, and so on, can be determined. The results obtained are discussed together with a theory for the convectional permeation of hard spheres into pores. A membrane with non-uniform pore size and shape was also integrated into a microfluidic device to demonstrate the applicability of the model to non-uniform conditions.
Experimental

Nanoparticles
Block-aniomer poly(ethylene glycol)-poly(α,β-aspartic acid) (PEG-PAsp; number-average molecular weight of PEG = 2000, degree of polymerization (DP) of PAsp = 75), homo-catiomer poly([5-aminopentyl]-α,β-aspartamide) (Homo-P(Asp-AP); DP of P(Asp-AP) = 82), and Cy3-labelled PEG-PAsp were prepared as previously reported. 23 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) was purchased from Wako Pure Chemical Industries (Osaka, Japan). Cy3 mono-reactive dye pack was purchased from GE Healthcare (Buckinghamshire, England).
In this study, size-tunable polyion complex vesicles (PICsome) were selected as a model nanoparticle. Cy3-labeled PICsome with a diameter of 101 ± 3 nm and polydispersity index of 0.055 ± 0.023 was prepared as previously described. 8, 23 Briefly, PEG-PAsp, Cy3-labeled PEG-PAsp and Homo-P(Asp-AP) were dissolved in 10 mM phosphate buffer (PB, NaCl-free, pH 7.4) separately, with a polymer concentration of 1 mg mL -1 . The solutions of PEG-PAsp and Cy3-labeled PEG-PAsp were blended in a volume ratio of 4:1. The resulting polyanion mixture was mixed at room temperature with the Homo-P(Asp-AP) solution in an equal unit ratio with respect to -COO -and -NH3 + , followed by vortexing for 2 min to facilitate formation of the PICsomes. Then, a 10 mg mL -1 solution of EDC in PB was added to the PICsome solution for crosslinking. The reaction mixture was purified using a polyethersulfone ultrafiltration membrane (molecular weight cut-off; 300000). The size of the PICsomes was determined by dynamic light scattering using a Zetasizer Nano-ZS system (Malvern Instruments, Malvern, UK). Zeta potential of the PICsomes was confirmed using a Mobius (Wyatt Technology Corporation, Santa Barbara, CA, USA), and found to be almost zero in physiological salt concentrations (data not shown), so electrostatic effect on the PICsomes can be neglected.
Porous membranes
Commercially-available track-etched membranes 24 were used in this study. Briefly speaking, the membranes are irradiated with ion beams to make latent tracks. Then, the membranes are etched chemically to form pores that are straight and uniform in size. Porous polyethylene terephthalate membranes with a pore size of 1.0 and 0.4 μm were cut from cell culture inserts (353102 and 353493, Becton Dickinson and Company, Franklin Lakes, NJ, USA) to a size of 3 × 8 mm. A porous polycarbonate membrane with a pore size of 0.1 μm (110405, Whatman, Kent, UK) was also prepared to the same size.
Porous membranes were characterized as follows. The thickness of the membranes was measured using a micrometer (MCD130-25, Niigata Seiki, Niigata, Japan). The size and density of the pores were measured using a scanning electron microscope (SEM; JSM-7001FA, JEOL Ltd., Tokyo, Japan) operating at 5.0 kV. Five SEM images were randomly acquired at different points on a membrane and utilized for further analysis. The cross sectional shape of the pores were characterized using another SEM (SU8220, Hitachi, Tokyo, Japan) operating at 7 kV.
Device fabrication
Microfluidic devices with porous membranes were fabricated as reported by Chueh et al. 25 with some modification of the experimental procedures. A schematic illustration of the fabrication procedure is shown in Fig. 2 . Poly(dimethylsiloxane) (PDMS, SILPOT 184, Dow Corning, Midland, MI, USA) was used to prepare substrates (23 × 18 mm) with recessed microchannel patterns (300 μm width, 67 μm depth, 10 mm length) as described elsewhere. 12 A 1.0 μm-pore membrane was integrated into a microfluidic device as follows. First, a PDMS-hexane mixture with a weight ratio of 10 (prepolymer):1 (curing agent):33 (hexane), referred to as PDMS mortar, was spin-coated on a glass slide at 2000 rpm for 30 s, and left for 10 min at room temperature to allow the hexane to evaporate. Then, the patterned PDMS substrates were stamped onto the glass slide and left for 2 min. The substrates were peeled off, and the membrane was placed on a pattern of the top microchannel on a substrate. A small amount of PDMS mortar was placed on the edges of the membrane and left for 10 min. Then, PDMS substrate with a bottom microchannel pattern was placed on the membrane. The PDMS-membrane composite was degassed for 30 min, and then baked for 1 h at 100 C under pressure applied by a weight. For the 0.4 μm-pore membrane, PDMS mortar was spin-coated at 1000 rpm on a glass slide, and the device was fabricated as described above. The 0.1 μm-pore membrane was also integrated as described above, except that PDMS mortar with a weight ratio of 10 (prepolymer):1 (curing agent):60 (hexane) was placed on the edges of the membrane. The weight ratio (10:1:60) was determined by preliminary experiments to decrease the amount of uncured PDMS after hexane evaporation and to avoid channel clogging.
Permeation tests
Each end of the microchannels on a microfluidic device was connected to a silicone tube (0.5 mm i.d., 1.0 mm o.d., 100 mm length, AS ONE, Osaka, Japan). The microfluidic device was degassed in a vacuum desiccator (PC-150K, Sanplatec, Osaka, Japan) connected to a vacuum pump (DAP-6D, Ulvac, Kanagawa, Japan) at 10 kPa for 30 min to prevent air bubbles from remaining in the microchannel. 26 The inlets of the top and bottom microchannels were connected to a 5-mL syringe (1005TLL, Hamilton, Reno, NV, USA) and a 250-μL syringe (1725TLL, Hamilton), respectively, via a capillary. 27 Permeation tests were conducted by introducing an aqueous test solution (1 mg mL -1 PICsome, 1× phosphate buffer saline (PBS, TAKARA BIO, Shiga, Japan), 0.5% Tween 20 (SigmaAldrich, St. Louis, MO, USA)) into the top channel, and introducing another test solution (1× PBS, 0.5% Tween 20) into the bottom channel using syringe pumps (Model 210, KD Scientific, Holliston, MA, USA). The mean flow velocity at the inlet of the bottom channel (vb0) was maintained at 0.83 mm s -1 , and the mean flow velocity at the inlet of the top channel (vt0) was changed in a stepwise fashion from 0.83 to 166 mm s -1 . Bifurcation of the microchannels was observed to estimate the amount of permeated PICsome. The microchannels were observed using an inverted microscope (IX71, Olympus, Tokyo, Japan) equipped with a cooled CCD camera (Cascade 512F, Photometrics, Tucson, AZ, USA), 75-W xenon lamp, 10× objective lens (NA 0.30), and dichroic mirror block (86009, Chroma Technology, Bellow Falls, VT, USA, excitation 540 -570 nm and emission 590 -650 nm). Images were processed using image analysis software (Image J 1.45f, National Institutes of Health, MD, USA).
Results and Discussion
Characterization of porous membranes
Typical SEM images of the top view of the membranes are shown in Figs. 3(a) -3(c) . The observed pores were uniform in size for the 1.0 μm-pore membrane and 0.1 μm-pore membrane, while non-uniform for the 0.4 μm-pore membrane. Further analysis was conducted for the 1.0 μm-pore membrane and 0.4 μm-pore membrane. For the 1.0 μm-pore membrane, the radius of the pores (rp) and the density of the pores (N0) were found to be , respectively. To demonstrate uniformity (or non-uniformity) of the membranes quantitatively, the ratio of the number of the non-uniform (connected) pores to that of all the pores was calculated from the SEM images, and found to be 4.3% (for the 1.0 μm-pore membrane) and 53.1% (for the 0.4 μm-pore membrane). Thickness of the membranes was 12 μm for both membranes.
Typical SEM images of the cross view of the membranes are shown in Figs. 3(d) -3(f ) . It was confirmed that the pores pierce the membranes. Some pores appeared to be disconnected in the images because they were not aligned in parallel to the cross section. In Fig. 3(d) , cross section of the pore was imaged in a trapezoidal shape. This result suggests that if the pore is aligned in parallel to the cross section, the shape of the pore is not a true cylinder but a circular truncated cone. However, we did not find a considerable difference between the size of the openings on the one side of the membrane and that on the other side of the membrane (data not shown). This result means that the pores are true cylinders, not circular truncated cones.
Fabrication of membrane-integrated microfluidic devices
A photograph of a microfluidic device integrated with a 1.0 μm-pore membrane is shown in Fig. 4 . Neither clearance between the PDMS substrates nor channel clogging was observed by microscopic visual inspection. Similar devices were successfully fabricated with a 0.4 μm-pore membrane and a 0.1 μm-pore membrane. The fabrication efficiency was 45% (N = 58) for the 1.0 μm-pore membrane, 56% (N = 9) for the 0.4 μm-pore membrane, and 36% (N = 11) for the 0.1 μm-pore membrane.
Permeation tests
For this study, PICsomes were selected as an example of a spherical nanoparticle. PICsomes have a tunable size ranging from 100 -400 nm with narrow size distribution, and have been reported to show prolonged blood circulation and excellent tumor accumulation in mice for 100-nm PICsomes due to the EPR effect. 8, 23, 28 Furthermore, 100-nm PICsomes can be used for MRI through encapsulation of superparamagnetic iron oxide nanoparticles, and have successfully been utilized in the detection of early-stage tumors. 29 Figure 5 shows typical microscopic images of microfluidic channels in permeation tests. When vt0 is equivalent to vb0, virtually no fluorescence was observed from the bottom channel ( Fig. 5(a) ), which indicated negligible permeation of nanoparticles through the membrane pores under the experimental conditions. In contrast, fluorescence was observed from the bottom channel by increasing vt0 (Fig. 5(b) ), which indicated permeation of the nanoparticles by fluid flow through the pores. Permeation tests were conducted with membranes comprising different pore sizes, and the results are summarized in Fig. 6 . C represents the normalized concentration of the nanoparticles, and is defined as the ratio of fluorescece intensity from the bottom channel after bifurcation to that from the top channel after bifurcation at vt0 = 166 mm s -1 .
At the vt0, nanoparticle concentration in the top channel is almost the same as the original concentration. The C value, which corresponds to the amount of permeated nanoparticles, increased with increasing vt0, increasing pore size, or both ( Fig. 6(a) ). Permeation was negligible when using the membrane with pore size of 0.1 μm, which is equivalent to the nanoparticle diameter. Therefore, results obtained with pore sizes of 1.0 and 0.4 μm were further analyzed.
Characterization of nanoparticle permeation based on a previous theory
Firstly, we present a theoretical model on the permeation of nanoparticles through a porous membrane on a microfluidic device according to the report by Young et al. 14 Figs. 7(c) and 7(d). The top and bottom channels are partly overlapped (L1, 4.6 mm length) across the membrane, which allows nanoparticles to permeate from the top channel to the bottom channel. If the diffusion of the nanoparticles through the membrane is negligible compared to the convection of them, vs can be described in a different form. Flux in the membrane pore (Jp) is described as;
where fc represents the ratio of flux through porous media to that of flux in free solution, and will be discussed later. Ct0 represents the initial concentration of nanoparticles in the top channel. Flux in the bottom channel after bifurcation (Jf ) is described as;
where vb1 and Cf represent mean flow velocity and concentration of nanoparticles in the bottom channel after bifurcation, respectively. Considering the continuity of the fluids and the nanoparticles, the following equations are obtained;
where Ab represents the area of cross section of the channel, vb0 represents mean flow velocity at the inlet of the bottom channel,
and Am represents the area that two channels are overlapped. As mentioned in the Permeation tests section, C is described as;
By using Eqs. (2) -(6), C is described as;
Using Ab = wh and Am = wL2 (see Figs. 7(c) and 7(d)), vs can be described as;
where h represents the depth of the channel. fc represents the ratios of flux through porous media to that of flux in free solution. In the previous report by Young et al., 14 fc is described as; 
where s represents the radius of the nanoparticles. The physical meaning of Eq. (9) has been explained by Friedman. 30 Briefly, the first factor on the right side of Eq. (9) represents the steric effect: that is, the nanoparticle entering the pore must be away at least a distance s from the wall of the pore. The second factor on the right side of Eq. (9) represents the viscous effect: that is, once the nanoparticle enters the pore, because of the pore wall, it encounters a viscous resistance that exceeds the resistance in free solution. This factor is an approximation to the numerical solution of the governing flow equations. It should be pointed out that Eq. (9) describes solute diffusion, not convection. ΔP was estimated according to the equation reported by Young et al.
14 Briefly, mid-length pressures in the top and the bottom channel were considered. Velocity profiles in each channel were approximately obtained, and the pressure gradient along the microchannel was related to the second derivative of the velocity. Finally, ΔP was described as;
where L2 represents the total channel length. m is an empirical constant to describe the effect of rectangular channel shape on the fluid flow; 31 m = 1.7 + 0.5α -1.4 (11)
Using h of 67 μm and w of 300 μm, m was calculated to be 5.78. Using equations shown above, k can be estimated in the following manner. ΔP is estimated from Eq. (10) without any experimental results. C is experimentally obtained as described in the Permeation tests section. Using the C values, vs can be estimated from Eq. (8) . If a linear relationship is observed between vs and ΔP, Eq. (1) is valid, and the k/μδ value can be obtained from the slope of the regression line.
The dependence of vs on ΔP for 1.0 μm pore membrane and 0.4 μm pore membrane is shown in Figs. 6(b) and 6(c), respectively. vs was positive for ΔP < 0.22 kPa (1.0 μm pore) and ΔP < 1.15 kPa (0.4 μm pore). However, a further increase in ΔP resulted in negative vs values, which indicates that the model used in the previous study 14 is not appropriate to evaluate the convectional permeation of nanoparticles through pores. The reason for the discrepancy between the model and the experimental results seems to be the definition of fc.
Characterization of nanoparticle permeation based on the theory from this study
Next, we redefined fc as an approximate equation of convectional permeation derived from numerical calculations; 
The first and the second factor on the right side of Eq. (13) represent the steric and the viscous effect, respectively. By using Eq. (13), clearly, a linear relationship was observed between vs and ΔP ( Fig. 6(d) ), which is consistent with Eq. (1). Therefore, permeation of the nanoparticles in the present study can be explained by the theoretical model presented in this study. The permeability coefficient was calculated to be (6.62 ± 0.39)× 10 -16 m 2 (1.0 μm pore) and (1.03 ± 0.11)× 10 -16 m 2 (0.4 μm pore) from the slopes of the regression lines.
Comparison of permeability coefficients
The theoretical permeability coefficient (k0) of the membrane was estimated using a cylindrical pore flow model 14 with some modifications. Briefly, fluid flow in the pores is considered to be Hagen-Poiseuille flow, and the magnitude of the flow is considered to be reduced by a factor of fc. Therefore, k0 can be obtained using:
For the 1.0 μm-pore membrane, using s = 5.0 × 10 -8 m, k0 was calculated to be (6.62 ± 1.18)× 10 -16 m 2 , which agreed well with the experimentally-obtained permeability coefficient ((6.62 ± 0.39)× 10 -16 m 2 ). Therefore, it was confirmed, for the first time, that the permeation of nanoparticles through straight micropores can be appropriately evaluated using the present theoretical model. For the 0.4 μm-pore membrane, using s = 5.0 × 10 -8 m, k0 was calculated to be (1.56 ± 0.81)× 10 -15 m 2 , which was larger than that of the experimentally-obtained permeability coefficient ((1.03 ± 0.11)× 10 -16 m 2 ). This discrepancy between the theoretical and experimental results is natural since a large number of pores on the 0.4 μm-pore membrane are connected to each other as shown in Fig. 3(b) . Future experiments utilizing membranes with different uniformity should clarify the nature of the discrepancy and, by comparing the permeability of uniform and non-uniform membranes, it should be possible to estimate the effect of non-uniformity on in vivo-permeability.
The present device is expected to be utilized to clarify the effects of various physical and chemical parameters on the nanoparticle permeation.
For example, the charge of nanoparticles may affect the permeation via electrostatic interactions between the nanoparticles and the membranes. Adsorption of biomolecules on the nanoparticles may affect size, charge, and so on. Rigidity of the nanoparticles-hard or soft-may play a pivotal role because soft particles can be deformed to permeate into smaller pores. In addition to nanoparticle properties, membrane properties, e.g. zeta potential, elasticity, surface chemistry are matters of deep interest. We hope that the effects of these factors are tested and important parameters for the rational design of nanomedicines are clarified in future studies.
Conclusions
We have developed an experimental model to study the permeation of nanoparticles through straight micropores. The permeability coefficient of a 1.0 μm-pore membrane against nanoparticles was determined, and the permeability coefficients obtained agreed with the theoretically calculated value. The permeability coefficient was also determined using a non-uniform 0.4 μm-pore membrane, and demonstrated that the present model can be applied to the study of permeation through non-uniform pores. The present model can be utilized to clarify the relationship between the experimentally-obtained permeability and physical parameters, and will help rational design of nanomedicines.
